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Abstract-The fault current levels of an interconnected power network have witnessed a general rise due to increase in power demand. This rise in fault current if not properly mitigated may exceed the maximum ratings of the switchgear. Many conventional protective devices such as series reactors, fuses, high impedance transformers, etc. have high cost, increased power loss and loss of power system stability, which may ultimately cause lower reliability and reduced operational flexibility. Superconducting Fault Current Limiter (SFCL) is a flexible alternative to the use of conventional protective devices, due to its effective ways of reducing fault current within the first cycle of fault current, reduced weight and zero impedance during normal operation. This paper reviews various concepts of SFCLs and its applications in power systems.
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I. INTRODUCTION
Since every nation yearns for increase in power generation in order to meet its ever increasing population demand for energy, this increase in generation has made the interconnected power system network more complex [1] . The complexity of a power system is directly proportional to its fault current level. This increase in fault current due to the complexity of a power system network has become a major threat to the smooth operation and control of power systems [2] ; thus limiting this fault current has become necessary since switchgear equipment like transformers, circuit breakers etc. has already been sized and installed before the complexity of the interconnection network [3] . So many conventional means had been suggested in the past for curtailing fault current, which includes: system reconfiguration, upgrading the circuit breakers, using transformers of higher impedance, sequential breaker tripping, fuses, air-core reactors, etc. [4] , [5] . However, the use of these conventional devices poses challenges ranging from high cost, increase in power losses, lack of system security and reliability [6] .
Superconducting Fault Current Limiter (SFCL) is a viable alternative to the use of conventional means of reducing fault current [7] . Superconducting fault current limiter has the capability to reduce fault current within the first cycle of fault current and has zero impedance during normal operation and large impedance during fault condition which can limit fault current within a predefined value during a Published on July 19, 2018. Authors are with the Department of Electrical/Electronic Engineering, University of Benin, Nigeria. (e-mail: igokakwu@yahoo.com) transient condition [8] . In the event of a fault, SFCL will lose its superconductivity nature and introduce amount of impedance into the circuit where it is connected [9] . The SFCL does not only suppress fault current but also enhances the power system stability.
This paper presents the theoretical background and up-todate literature review on SFCL applications in power systems.
II. SUPERCONDUCTING FAULT CURRENT LIMITER
A Nobel Laureate Dutch Scientist named Kamerlingh Onnes, in 1911 discovered that the resistance of mercury disappeared as the temperature drops below certain critical values [10] . This phenomenon was termed as superconductivity of mercury. Later, research also went further to show that many other components or materials also exhibit these same superconductivity properties with their own critical temperature [11] . The current limiting characteristics of SFCL depend on its nonlinear response to temperature (T), magnetic field (B) and current density (J) [12] , as shown in Fig. 1 . Fig. 1 . T-B-J Characteristics of Superconductor Material [13] The superconductivity of a superconductor material will be destroyed when the superconducting material is exposed beyond a certain temperature, magnetic field and current density called critical values [14] . Below these critical values, it has a negligible resistance and this implies that it is in its superconducting mode, and above these critical values it has high resistance and is said to be in its current limiting state [15] . Therefore, increasing any of these three parameters beyond their critical limit will cause the conducting material to lose its superconducting property [16] . The SFCL uses its variable resistance nature during fault to limit the fault current as shown in An SFCL helps to manage economically this fault current to avoid damages to equipment which can result in blackouts.
Superconductor fault current limiter does not suppress the fault current completely, but rather reduces the fault current to a level that the equipment or devices can withstand [18] . There are seven types of superconducting fault current limiters and a detailed explanation of each is presented in section 3 of [9] .
Superconductors are classified into two types, namely; Low Temperature Superconductor (LTS) and High Temperature Superconductor (HTS). The LTS are the first generation (1G) superconductors having a transition temperature below 25K [19] . SFCL based on LTS are not commercialized because of their low operating temperature that requires a high cost cooling system (the material is cooled using liquid Helium). At present, LTS materials have been replaced with High Temperature Superconductor (HTS) materials. HTS is a second generation (2G) superconductor [6] which is cost effective particularly at high temperatures. The critical temperature of HTS is up to 110K. Fault current limiters utilizing HTS are often cooled using liquid nitrogen [20] . The two most important HTS used industrially as a coated conductor are Yittrium-BariumCopper-Oxide (YBCO) and Bismut-Strontium-CalciumCopper-Oxide (BSCCO with trademark of compound Bi-2212/Bi-2223) [21] . YBCO belongs to a family of crystalline chemical compounds having a generalized formula of YBa2Cu3O7-x, with a critical temperature of 93K [22] . YBCO is produced either in thin film or as coated conductors by American Superconductor Corporation [23] . BSCCO belong to a family of HTS materials with a general formula of Bi2Sr2Can-1CunO2n+4+x, with a critical temperature of 105K [24] . SFCL is an ideal fault current limiter which is still being researched into and has been applied in some countries of the world [5] , [9] .
A. Superconducting Fault Current Limiter types
Superconductor fault current limiters are basically classified into two major types: Resistive-type SFCL and Inductive-type SFCL. a. Resistive-type SFCL (R-SFCL): is connected in series with the network to be protected [9] . Under normal operating condition, the R-SFCL is in its superconducting state and passes the normal current without any losses. If the current increases beyond the critical current due to the occurrence of a fault, the superconducting material transits to a conducting state and introduces a resistance in series to reduce the fault current [25] . A resistor is connected in parallel with the superconducting material in order to avoid hot spots during quenching, to adjust the limiting current and avoid over-voltage due to the fast current limitations [26] . The main advantage of R-SFCL lies on its simple design, compact size and lightness when compared with the Inductive-Type SFCL. Fig. 3 shows the structure of the R-SFCL. Fig. 3 . Structure of R-SFCL [27] b. Inductive-type SFCL (I-SFCL): is a special transformer connected in series with the network to be protected [27] . This transformer has a conventional primary coil (copper winding) and a special secondary winding made of HTS ring [28] . Under normal operating condition, the HTS ring prevents magnetic flux from penetrating the iron core; hence, the SFCL exhibits low impedance [29] . During fault when the current increases above the critical current, the HTS ring quenches, the secondary now becomes resistive and so the inductance of the device rises [30] . In this case, the SFCL represents high impedance. The advantage of I-SFCL over R-SFCL is that the cryogenic power load is lesser because no heat ingress is caused through current leads into the superconductor [31] . Its disadvantages include significant losses, larger size and weight. Fig. 4 depicts the structure of I-SFCL. 
III. APPLICATIONS OF SFCLS IN POWER NETWORK
The occurrence of fault in any part of a power network comprising of generation, transmission and distribution cannot be completely avoided [32] . Therefore, SFCL should be deployed in any part of the network. [33] Superconducting fault current limiters (SFCLs) have been applied to transmission lines, distributed generation, renewable energy, distribution networks and HVDC systems in order to limit fault current, secure interconnector to network, reduce voltage sage at distribution, improve transient stability and reliability of the power system.
IV. LITERATURE REVIEW
The SFCL has a unique behavior inherited from its superconducting nature, due to its nonlinear characteristics. Different studies have been carried out on the use of SFCL in improving the performance of a power system network [34] ; with each focusing on different aspects of performance assessment with a view to enhancing the network. In [35] , [36] , the authors did a comparative study of the use of R-SFCL and I-SFCL with YBCO and Bi-2212 superconducting materials on the transient stability enhancement of a multi-machine power system. Their result showed that the R-SFCL performed better than I-SFCL due to its pure resistive nature. Also, the one with YBCO superconductor material display better performance than the one of Bi-2212 for both types of SFCLs. Similarly, the authors in [37] were concerned with how the locations of R-SFCL and I-SFCL will affect the transient stability of a power system network. The outcome of their study is as follows: R-SFCL is a better choice than I-SFCL, locations do not have any effect on R-SFCL and I-SFCLs are better located in line feeders. The authors in [38] were of the view that optimal sizing and allocation of R-SFCL will give a better performance to the security of the network. Their result further shows that the optimal location of the device is to some extent close to the location of fault. In [39] , the authors investigated the use of I-SFCL for transient stability enhancement of the Nigeria 330kV transmission network. Their result reveals that the swing curve of the most severely disturbed generator was improved when I-SFCL was incorporated. The authors in [40] presented the electrical and magnetic characteristics of YBCO and BSSCO HTS tapes to be used for fault current limiter application. The result shows that YBCO tapes showed remarkable performance when compared with BSCCO tapes. The incorporation of SFCL in micro-grid system to enhance protection coordination was investigated in [41] . The result proves the effectiveness of the proposed SFCL for better relay coordination for different fault conditions. The study to improve the reliability of a Wind Turbine Generation System (WTGS) during fault using SFCL was done in. [42] . The result reveals the effectiveness of SFCL in mitigating the fault current magnitude. Investigation into the use of SFCL in improving the transient stability of a power system was carried out in [43] . The SFCL model was designed using Simulink. The result proves the effectiveness of SFCL. A method for optimum determination of the resistive value of an R-SFCL for transient stability enhancement was carried out in [44] . Minimizing kinetic energy of rotor through direct search method was adopted. The effectiveness of the proposed model was demonstrated via kinetic energy of the rotating masses at different cases using eigenvalue analysis to optimally size the resistive value of R-SFCL in enhancing the transient stability of a power network was the focus of the work in [45] .
V. DEVELOPMENT STATUS OF SFCL
At the moment, several SFCLs have been developed, tested and installed across the globe. Table I 
VI. CHALLENGES OF IMPLEMENTING SFCLS
There are quite a number of technical challenges which must be addressed before the installation of SFCL in a power system network. These challenges are as follows: (a) Topology: The necessity for the installation of SFCL varies significantly for different locations. For instance, stringent time recovery should be given to the SFCL installed to protect the generator than those installed to protect a bus with an alternate feeder. Therefore, SFCL must be selected based on applications. (b) Locations: In order to achieve maximum benefit for the installed SFCL, optimum location should be carefully determined. Hence, the best location that will give optimum benefit needs to be determined. (c) Sizing of Impedance: The higher the impedance value of a SFCL, the better the performance during shortcircuit fault. The impedance of a SFCL is a strong pointer to the cost of SFCL. The impedance is directly proportional to cost. Hence, the impedance value needs to be optimally determined prior to its installation in the power system grid.
VII. CONCLUSION
Due to the ever increasing load demand which has led to the expansion of an interconnected power network, which is faced with rising fault current, the use of Superconducting Fault Current Limiter has proven to be more effective than conventional fault current limiters due to its low cost, coordination with conventional equipment, less weight and effective performance. Some of the numerous benefits of SFCL in power system network are suppression of fault current on equipment during fault, reduction of voltage dips/sags and enhancement of transient stability of a power grid. In this paper, SFCL is discussed extensively and various researches on the applications of SFCL in power system were also highlighted. Finally, this paper concludes that SFCLs are anticipated solution to the numerous problems of high fault currents confronting the power grid.
